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(57) ABSTRACT

A configurable voltage regulator (128) operable in either of
two selectable modes or topologies 1s disclosed. In one
disclosed embodiment, the voltage regulator (128) can oper-
ate as a charge pump regulator or a switching regulator, to
generate a negative polarity regulated voltage. The voltage
regulator (128) includes an output driver (80), for example
including first and second drive transistors (81A, 81B), that
are used 1n both of the selectable modes.
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RECONFIGURABLE TOPOLOGY FOR
SWITCHING AND CHARGE PUMP
NEGATIVE POLARITY REGULATORS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s related to copending application Ser.
No. 10/646,854 entitled, A Reconfigurable Topology for
Switching and Linear Voltage Regulators™, and filed con-
temporancously and commonly assigned with this applica-

tion. This application claims priority under 35 USC § 119 of
provisional application Ser. No. 60/438,226, filed Jan. 06,

2003.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

Not applicable.

BACKGROUND OF THE INVENTION

This invention 1s in the field of semiconductor integrated
circuits, and 1s more speciiically directed to voltage regula-
tors implemented 1n a large scale integrated circuit.

Many modern electronic devices and systems, particularly
those performing control and other analog functions, rely
upon the generation and use of a stable regulated voltage.
For example, integrated circuits for controlling motors, such
as disk drive controllers in a desktop or laptop computer
system or workstation, require a regulated voltage to supply
the voltages required by the digital circuits operating in the
disk drive. A stable regulated voltage 1s required to ensure
that the operation of these digital circuits remains stable and
consistent over varying temperature conditions, load
conditions, power supply voltage levels (particularly in
battery-powered systems such as laptop computers), and the

like.

Several voltage regulator circuit techniques are well
known 1n the art. One type of voltage regulator 1s the
“switching” regulator. The switching regulator involves an
inductor at its output, and 1s based on the fundamental
premise that, while the current through an mductor cannot
change instantaneously, the voltage across the inductor can
change 1nstantaneously. In general, switching regulators
involve a switching device, or pass device, that selectably
switches the input voltage source into and out of an inductor.
Typically, a pulse-width modulated signal controls the
switching device, so that the output voltage 1s a function of
the amplitude of the input voltage and the duty cycle of the
switching device. Variations in the configuration of the
switching regulator are possible, and achieve a great deal of
design flexibility. Switching regulators of the “Buck™ type
regulate an output voltage that 1s lower than the input
voltage, and switching regulators of the “Boost” type can
generate an output voltage that 1s regulated above the
voltage of the mput. Other variations of switching regulators
ogenerate a regulated voltage that 1s of a negative polarity
relative to the input voltage (e.g., in “Buck-Boost” inverting
regulators), or generate multiple regulated output voltages
(c.g., iIn “Flyback” switching regulators). Switching regula-
tors are also often referred to as voltage “converters”. In any
of these forms, switching regulators typically provide good
power conversion efficiency.

The charge pump voltage regulator 1s also well known 1n
the art. Typical charge pump circuits involve a capacitor that
1s periodically charged through a diode, again to attain a
voltage that depends on the mput voltage amplitude and the
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duty cycle of the switched charging. The diode permits the
voltage at the capacitor to exceed that of the 1nput voltage,
or to be charged to a voltage that 1s of the opposite polarity
of the mnput voltage. The 1solating function of the diode may
alternatively be accomplished by switching transistor pairs
in complementary fashion to isolate the capacitor and the
pumped voltage. Charge pumps have been used, for
example, to generate a negative substrate voltage that sets
the back-gate bias of metal-oxide-semiconductor (MOS)
transistors 1n the mtegrated circuit, thus controlling device

performance.

It has been observed that switching regulators are typi-
cally more costly to implement than are charge pump
regulators. The circuitry for controlling the switching opera-
tion 1s typically more complex than in the charge pump, and
involves additional devices and intelligence. In addition, the
switching regulator involves the use of an inductor in the
circuit. As well known 1n the art, significant inductance
cannot be readily realized 1n a solid-state integrated circuit,
thus requiring an external component to be connected to
cifect the switching regulator function. Charge pumps are
thus often used 1n place of switching regulators in those
circuits and devices 1n which an inductor 1s neither available
nor desirable.

As evident from this discussion, the selection of an
appropriate voltage regulator depends upon several factors
including the desired output voltage, the performance of the
regulator, and also whether external components such as
inductors may be utilized or are desired. Because this
tradeofl 1nvolves the ultimate end equipment design, the
manufacturer of integrated circuits including voltage regu-
lators may be required to produce similar integrated circuits
that embody different voltage regulator schemes. In
addition, it has been observed that some end equipment
manufacturers may utilize the same integrated circuit in
multiple 1mplementations, in which different voltage regu-
lator types may be useful. In this situation, the end equip-
ment manufacturer 1s faced with either maintaining 1nven-
tory of separate integrated circuits for the separate
implementations, or with using a less-than-optimal voltage
regulator in some system 1mplementations.

It 1s known to construct mtegrated circuits that imnclude
multiple voltage regulator topologies. FIG. 1 1s an example
of such a conventional mtegrated circuit 10. In this example,
integrated circuit 10 1includes functional circuitry 12, which
1s the appropriate logic circuitry, analog circuitry, memory
circuitry, or the like that carries out the overall function of
integrated circuit 10. In this conventional integrated circuit
10, voltage-regulators 18a, 18b are provided, where voltage
regulator 18a 1s of one type and voltage regulator 18b 1s of
another type. In this conventional arrangement, each of
voltage regulators 18a, 185 have dedicated external termi-
nals from integrated circuit 10, as 1llustrated in FIG. 1. These
dedicated terminals output the regulated voltage to other
integrated circuits, and are also provided so that the appro-
priate external components (e.g., an inductor for a switching
regulator) may be connected to the corresponding voltage
regulators.

Conventional dual voltage regulator integrated circuits

(i.c., lacking other functional circuitry 12 as in the case of
FIG. 1) are also known. An example of which i1s the ON

SEMICONDUCTOR CS5111 device, available from Semi-
conductor Components Industries, LLC. The CS5111
device, for example, includes a switching regulator and a
linear regulator, and serves as a regulated power supply for
electronic devices and systems. In this device, the switching
regulator and linear regulator are substantially separately
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implemented, and have separate dedicated terminals, along
the lines of that shown 1 FIG. 1.

It has been observed, 1in connection with this invention,
that the implementation of separate multiple voltage
regulators, as carried out 1n conventional integrated circuits
1s quite 1neificient. Certain elements within conventional
voltage regulators can occupy significant chip area. For
example, output drive transistors necessary to rapidly drive
external networks of the voltage regulator can be quite large.
The implementation of two separate voltage regulators
according to conventional techniques 1s therefore costly 1n
terms of chip area. In integrated circuits having significant
functional circuitry, a large number of terminals (inputs,
outputs, and common input/output terminals) are often
required. In these large scale integrated circuits, the provi-
sion of each external terminal can be quite costly, not only
in package size and complexity, but also 1n the chip area
required to safely route signals to the external terminal. It 1s
therefore desirable to minimize the number of external
terminals for large scale mtegrated circuits.

BRIEF SUMMARY OF THE INVENTION

It 1s therefore an object of this invention to provide an
integrated circuit that efficiently includes multiple voltage
regulators of different types.

It 1s a further object of this invention to provide such an
integrated circuit in which large components are shared
among voltage regulators of the different types.

It 1s a further object of this invention to provide such an
integrated circuit in which external terminals are shared
among voltage regulators of the different types.

It 1s a further object of this invention to provide such an
integrated circuit in which the selection of one of the
multiple voltage regulators can be made by way of a
conilguration register.

Other objects and advantages of this invention will be
apparent to those of ordinary skill in the art having reference
to the following specification together with 1ts drawings.

The present invention may be implemented 1nto an inte-
orated circuit having a configurable voltage regulator that 1s
capable of operating as either a switching regulator or a
charge pump regulator. The voltage regulator 1s configured
by way of a configuration register. In this example, the same
output driver transistors and output drive terminals are used
in each of the switching and charge pump regulator
conflgurations, as 1s the external terminal from which the
switching or pass device 1s driven.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

FIG. 1 1s an electrical diagram, i block form, of a
conventional integrated circuit including multiple voltage
regulators.

FIG. 2 1s an electrical diagram, 1n schematic and block
form, of an integrated circuit constructed according to the
preferred embodiment of the invention.

FIG. 3a 1s an electrical diagram, 1n schematic and block
form, of the voltage regulator 1n the integrated circuit of
FIG. 2, illustrating its configuration as a switching regulator.

FIG. 3b 1s an electrical diagram, 1n schematic and block
form, of the voltage regulator of FIG. 2, illustrating its
conflguration as a charge pump regulator.

FIG. 4 1s a timing diagram 1llustrating the relationship of
a reference waveform and a duty cycle control signal 1n the
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4

operation of the voltage regulator circuit of FIG. 2, 1n its
switching regulator mode, according to the preferred

embodiment of the invention.

DETAILED DESCRIPTION OF THE
INVENTION

The present mvention will be described 1n connection
with its preferred embodiment, namely as an integrated
circuit having additional functional circuitry, such as a
spindle motor controller as used in connection with a
computer disk drive, because this invention 1s contemplated
to be especially useful mm such an application. However, 1t
will be understood by those skilled in the art having refer-
ence to this specification that this invention will also be
beneficial 1n other applications, mncluding 1ntegrated circuits
of different ultimate functions, and also as a stand-alone
voltage regulator device. Accordingly, it 1s to be understood
that the following description 1s provided by way of example
only, and 1s not itended to limit the true scope of this
invention as claimed.

Referring first to FIG. 2, integrated circuit 20 according to
the preferred embodiment of the invention will now be
described. Integrated circuit 20, 1n this example, 1ncludes
functional circuitry 22 for performing a particular device
function, and also 1ncludes voltage regulator 28 constructed
according to the preferred embodiment of the invention.
Functional circuitry 22 1s logic or other circuitry for per-
forming a desired electronic function, and will be connected
to various input, output, and input/output terminals (not
shown) of integrated circuit 20 in order to effect that
function. Of course, functional circuitry 22 may include
such circuitry as used to perform any function suitable for
realization 1n an integrated circuit, and as such the various
circuitry implemented within functional circuitry 22 may
vary widely. Further 1n the alternative, functional circuitry
22 may be omitted from integrated circuit 20, for example
where the entire function of integrated circuit 20 1s a voltage
regulator or voltage converter, for example 1f the function of
integrated circuit 20 1s to control the power supply of a
computer disk drive. It 1s contemplated that those skilled in
the art having reference to this specification will be readily
able to implement this invention within an integrated circuit
of any function desired.

According to the preferred embodiment of the mvention
shown 1n FIG. 2, voltage regulator 28 1n integrated circuit 20
1s connected to several external terminals DRV, SENS, CP2,
REG, and also to power supply terminals VCC, GND. As
will become apparent from the following description, volt-
age regulator 28 drives an external pass or switching tran-
sistor from terminal DRV, while terminals SENS, CP2
provide feedback to voltage regulator 28, which in this
embodiment of the invention, can be configured either as a
charge pump regulator or a switching regulator depending
on the contents of a configuration by register. Alternatively,
voltage regulator 28 may be configured by the connection of
external components to terminals of integrated circuit 20, as
described 1n further detail in copending application Ser. No.
10/646,854 entitled “A Reconfigurable Topology {for
Switching and Linear Voltage Regulators”, filed contempo-
raneously and commonly assigned with this application and
incorporated heremn by this reference, or by way of logic
circuitry responsive to program or user control. Still further
in the alternative, voltage regulator 28 may include different
or additional voltage regulator topologies besides the charge
pump and switching modes described herein.

In this preferred embodiment of the invention, voltage
regulator 28 includes output driver 80, at least portions of
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which are used 1n each of the two operating configurations.
In this example, output driver 80 includes two n-channel
MOS transistors 81A, 81B, having their source/drain paths
connected 1 series between terminal VCC and terminal
GND; the gates of transistors 81A, 81B are connected to and
controlled by drive control circuitry 88. Terminal DRV of
integrated circuit 20 1s connected to the node at the source
(and body node) of transistor 81A and the drain of transistor
81B, while terminal GND 1is connected to the source (and
body node) of transistor 81B. Drive control circuitry 88
refers to such circuitry as logic mverters and level shifters,
as will be shown 1n connection with the two operating modes
of voltage regulator 28.

N-channel MOS transistor 82A has 1ts drain connected to
the source of shared transistor 81B, at terminal GND, and
has 1ts source connected to terminal CP2. In turn, n-channel
MOS transistor 82B has its drain connected to the source of
transistor 82A, and its source connected to terminal SENS.
The gates of MOS transistors 82A, 82B are connected to the
pole of configuration switches 83A, 83B, respectively. Con-
figuration switches 83A, 83B may be implemented 1n an
appropriate manner for the particular technology of the
integrated circuit; for example, complementary MOS
(CMOS) pass transistors may be used to realize configura-
tion switches 83A, 83B, 1n the case where the remainder of
the 1ntegrated circuit 1s fabricated according to CMOS or
BiCMOS technology. Alternatively, configuration switches
83A, 83B may be arranged 1n any other conventional
manner as appropriate for the manufacturing technology. In
this embodiment of the invention, each of configuration
switches 83A, 83B arc controlled by one or more bits 1n
confliguration register 85, which 1s writable under user or
program control by other circuitry (not shown) in the
integrated circuit. One throw of each of configuration
switches 83A, 83B 1s connected to terminal GND.

In switching regulator mode, configuration register 85
controls configuration switches 83A, 83B to connect the
gates of transistors 82A, 82B to terminal GND, disabling
these devices 1n that mode. Conversely, configuration
switches 83A, 83B operate to connect the gates of transistors
82A, 82B to drive control circuitry 88 in output driver 80
when voltage regulator 128 1s 1n charge pump mode.

Voltage regulator 28 1ncludes control circuitry for each of
its two configurable modes. Charge pump control circuitry
84 1s connected to receive feedback 1nputs from respective
throws of configuration switches 83A, 83B and connected to
receive a feedback level from terminal SENS; 1in addition,
charge pump control circuitry 84 is connected to bandgap
reference circuit 24 to receive a bandgap reference voltage;
a soft-start circuit (not shown) may be included between
bandgap reference circuit 24 and charge pump control
circuitry 84 to effect a ramping up of the output regulated
voltage during startup or reset, to avoid output current
spikes. The function of charge pump control circuitry 84,
when enabled by configuration register 85, 1s to drive control
circuit 88 1n output driver 80 to effect the charge pump
regulation operation, which will be described below.

Voltage regulator 28 also includes switching regulator
control circuit 86, which receives feedback imputs from
terminals CP2 and SENS, and which also receives the
bandgap reference voltage from bandgap reference circuit
24. When enabled by configuration register 85, switching
regulator control circuit 86 1ssues control signals to drive
control circuit 88 1n output driver 80. Voltage regulator 128
also 1ncludes reference voltage generator circuit 87, which 1s
connected to terminal REG, to provide a reference voltage
that 1s used in the switching regulator configuration of
voltage regulator 281.

10

15

20

25

30

35

40

45

50

55

60

65

6

In operation, the selection of the operating mode of
voltage regulator 128 1s effected by the external connection
of the appropriate devices to terminals DRV, CP2, SENS,
and REG, and the writing of the appropriate register word or
bits to configuration register 85, to select the desired regu-
lator mode. The writing of configuration register 85 may be
carried out by the mtegrated circuit itself, for example under
program control. Alternatively, configuration register 85
may be externally accessible, for example by way of a serial
data terminal, to enable writing of configuration register 85
by the device user or the system within which voltage
regulator 128 1s implemented. Further in the alternative, in
place of configuration register 835, logic circuitry may be
provided that responds to a bias condition on a configuration
terminal, such as described above relative to FIGS. 2, 3a and
3b. In either mode, terminal VCC receives power supply
voltage V__, and terminal GND 1s connected to system

ground.

FIG. 3a illustrates an example of voltage regulator 128 as
configured as a negative switching regulator. Switching
p-channel MOS transistor 91 has its source biased to power
supply voltage V__, and 1ts gate connected to terminal DRV.
The drain of transistor 91 is connected to passive network
93, which includes the appropriate network of an inductor,
diode, and output capacitor, and resistor network, by way of
which the output voltage at output terminal V_ . 1s derived.
In this example, because voltage regulator 128 1s intended to
present a regulated negative polarity voltage, output termi-
nal V_  1s also connected to the anode of the diode, at the
higher voltage end of the inductor 1n passive network 93. A
reference voltage generated by reference generator 87 is
applied to passive network 93 from terminal REG, as shown.
Considering that voltage regulator 128 1s a negative voltage
regulator, this reference voltage 1s a positive voltage applied
to a voltage divider between reference generator 87 and
output terminal V_ . as shown, with terminal SENS driven
by this voltage divider. Feedback voltages at terminal SENS
and also at terminal CP2 are applied to switching regulator
control 86, which 1n turn controls output driver 80 and thus
controls the current driven by switching transistor 91.

In this configuration, as shown in FIG. 3a, transistors
81A, 81B of output driver 80 are driven 1n complementary
fashion from switching regulator control circuit 86 through
the operation of an inverter. Transistors 82A, 82B ecach have

their gates connected to ground through configuration
switches 83A, 83B, and are thus disabled 1n this mode.

In operation, while transistor 91 1s on, current i1s sourced
from power supply V__ into the inductor of passive network
93. When ftransistor 91 turns off, the current through the
inductor cannot change instantaneously; as such, this current
must be provided through the diode. This forces the voltage
at output terminal V_ . to a negative voltage. The switching
on and off of transistor 91 thus serves to regulate this
negative voltage, in the well-known manner for negative
switching regulators.

Switching regulator control circuit 86 according to this
preferred embodiment of the invention includes error ampli-
fier 90, which receives, at a negative input, the voltage at
terminal SENS and compares this voltage against the band-
gap reference voltage VBG, which 1s received at its positive
input from bandgap voltage regulator circuit 24. The output
of error amplifier 90 1s applied to the negative input of
comparator 92. The positive mput of comparator 92, accord-
ing to this embodiment of the invention, receives a triangular
voltage wavetorm VTRI. In one example, waveform VTRI
varies from a low voltage (e.g., 0.43 volts) to a high voltage
(e.g., 1.3 volts) at a frequency of on the order of 600 kHz to

oo?
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1.2 MHz. Accordingly, the output of comparator 92
resembles a pulse-width-modulated (PWM) signal, at a duty
cycle corresponding to the voltage output from error ampli-

fier 90.

Comparator 96 also receives waveform VTRI at 1ts posi-
five mput, and receives a control voltage VDUTY from ramp
generator 99 at 1ts negative voltage. This control voltage
VDUTY ramps, on power-up or reset, from a high level to
a level within the range of waveform VTRI, and sets a
maximum duty cycle limit for voltage regulator 128. FIG. 4
illustrates this exemplary arrangement in the steady state, at
which the output (OUT96) of comparator 96 is at a high
logic level during such time as waveform VTRI exceeds
control voltage VDUTY. In one example, control voltage
VDUTY ramps down to a steady-state level corresponding
to a maximum duty cycle of 65%. As will now be described,
comparator 96 1s used to gate the duty cycle of the regulator.

According to this embodiment of the imnvention, the out-
puts of comparators 92, 96 arec applied to mputs of NAND
cgate 98, the output of which 1s applied to output driver 80
and which thus controls the drive of transistor 91. In this
embodiment of the invention, transistor 91 1s p-type, as
mentioned above, and transistors 81A, 81B 1n output driver
80 operate as a non-inverting buffer. NAND gate 98 pro-
duces a low level output, which will turn on transistor 91 by
turning on transistor 81B and turning off transistor 81A, only
when both of comparators 92, 96 are 1ssuing high level
outputs. Conversely, NAND gate 1ssues a high level output,
turning on transistor 81A and turning off transistor 81B and

thus turning off transistor 90, when the output of either of
comparators 92, 96 is low. In this way, comparator 96 gates
the operation of output driver 80, and thus controls the
maximum duty cycle of voltage regulator 128. The ramping
of control voltage VDUTY from a high level toward its
eventual steady state level, on reset or power-up, thus
operates as a “soft-start”, keeping voltage regulator 128
from excessive duty cycle operation as it enters regulation.

In this preferred embodiment of the invention, fault
comparator 94 receives the error voltage from error ampli-
fier 90 at one 1nput, and receives control voltage VDUTY at
another iput. Fault comparator 94 i1s thus operable to
produce a signal if the error-voltage from error amplifier 90
falls short of control voltage VDUTY, which indicates that
the voltage at output terminal V__. cannot reach 1ts regulated
level.

In operation from a startup condition, the voltage at output
terminal V_ ., and that at terminal SENS are not yet driven
negative. Error amplifier 90 produces a negative output (the
voltage at terminal SENS exceeding bandgap voltage VBF
until its reaches its regulated level), which in turn causes
comparator 92 to 1ssue a positive output at a high duty cycle.
Meanwhile, control voltage VDUTY 1s ramping from a high
level toward its eventual maximum duty cycle level, per-
mitting only a relatively low duty cycle signal to be pro-
duced from NAND gate 90 regardless of the error voltage
from error amplifier 90. Transistors 81A, 81B thus turn on
transistor 91 at this low, but increasing, duty cycle, which
applies current into the inductor of passive network 93
accordingly at this duty cycle, resulting 1n an increasingly
negative voltage at output terminal V_ .. Once the negative
voltage at output terminal V_ . reaches its desired level, the
duty cycle of the positive output form comparator 92 begins
to shrink, such that transistor 91 1s turned only as necessary
to maintain the regulated voltage. Conversely, 1f voltage
regulator 128 1s unable to drive the desired negative voltage
at output terminal V_ ., for example 1if the load conditions
arec not correct, a fault condition will be produced by
comparator 94.
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Portions of the circuitry used 1n the charge pump regulator
mode are disabled when voltage regulator 128 1s configured
as a switching regulator. In this example, configuration
register 85 controls configuration switches 83A, 83B to
connect the gates of transistors 82A, 82B, respectively, to
cground potential at terminal GND, disabling those devices.
Charge pump control circuitry 84 1s also disabled by con-
figuration register 85 1n this mode, while switching regulator
control circuit 86 1s enabled by configuration register 85.

Referring now to FIG. 3b, the configuration of voltage
regulator 128 as a charge pump regulator according to this
embodiment of the invention, will now be described. In this
mode, the external components include capacitor 114, which
1s a flyback capacitor connected across terminals DRV and
CP2, and output capacitor 116, which 1s connected between
terminal SENS, at which output terminal V_ . 1s driven, and
system ground. Terminal GND 1s connected to system
oround, and terminal VCC 1s connected to power supply
voltage V__; terminal REG 1s simply not connected, as the

reference voltage from reference generator 24 1s not used 1n
the charge pump configuration.

In this operating mode, configuration register 935 1s written
with the appropriate bits or data word to cause switches 83 A,
83B to connect the gates of respective transistors 82A, 82B
to drive control circuit 88 in output driver 80. Switching
regulator control circuit 86 1s disabled 1n this mode. Charge
pump control circuit 84 includes the appropriate conven-
fional circuitry for controlling the operation of voltage
regulator 128 as a charge pump regulator, as will now be
described. Additionally, various level shift circuits 100A,
100B, 100C (i.e., output drive control 88 of FIG. 2) are
typically enabled in this example, so that the gate drive of
the transistor pairs 81, 82 1s sufficient to fully turn on these
devices 1n operation.

As shown 1n FIG. 3b, terminal SENS is connected to

voltage divider 105, as its lowest voltage. Voltage divider
105 includes a chain of resistors (three resistors, in this
example) that are biased from a current source so that the
voltage drop across each resistor 1s constant, regardless of
the voltage at terminal SENS. According to this embodiment
of the mvention, taps 1n voltage divider 105 are connected
to selection switches 104A, 104B. In this way, voltage
regulator 128 operates to produce a user-selectable regulated
voltage (e.g., =3.0 volts or -3.3 volts). Selection switches
104A, 104B may be controlled by configuration register 85
as shown, or by a voltage applied to an external terminal, or
under program control or the like.

Comparator 108 receives the voltage at a selected tap of
voltage divider 105 via selection switch 104B, at a posifive
input, and receives the bandgap voltage VBG at a negative
input. The output of comparator 108 1s connected to digital
control 102, which receives a periodic signal (e.g., at 1
MHz) and derives a pulse-width-modulated (PWM) signal
to be applied to output driver transistors 81A, 81B, 82A,
82B from this signal in response to the output of comparator

108.

Charge pump regulator control circuitry 84 also includes
fault comparator 106, which has a positive input receiving
the voltage at another tap of voltage divider 105 via selection
switch 104A, and that has a negative mput receiving the
bandgap voltage VBG. The tap of voltage divider 105
applied to fault comparator 106, 1n this embodiment of the
invention, 1s necessarily at a higher voltage than the tap
applied to comparator 108, considering that a resistor 1s
present between these two taps in either setting of selection

switches 104A, 104B. As such, fault comparator 106 will
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1ssue a fault signal if the negative voltage generated at output
terminal V_ _cannot reach its regulated level. For example,
the differential voltage between the taps of voltage divider
105 applied to selection switches 104A, 104B can be main-
tained at a fixed differential (e.g., 0.3 volts), so that the fault
signal 1s generated by fault comparator 106 1if the tap voltage
applied to comparator 108 cannot come within 0.3 volts of
its desired regulated voltage.

In operation, digital control 102 i1ssues a pulse width
modulated signal to the gates of transistors 81A, 81B, 82A,
82B 1n response to the output of comparator 108. Level
shifters 100 convert the PWM signal to the appropriate
levels adequate to fully turn on transistors 81, 82. In charge
pump fashion, transistors 81A, 82A are turned on (with
transistors 81B, 82B off), to first charge flyback capacitor
114 to a positive voltage relative to ground. Transistors 81B,
82B are then turned on and transistors 81A, 82B are turned
oif, which connects the positively charged plate of capacitor
114 to ground through transistor 81B, and connects the
previously grounded plate to output terminal V__, at the top
plate of load capacitor 116. Because the voltage across
capacitor 114 cannot instantaneously change, and because
the positively charged plate of capacitor 114 1s at ground, a
negative voltage appears at the top plate of capacitor 116.
This process 1s repeated at the desired pulse width modu-
lation rate (e.g., 1 MHz), until the desired negative voltage
at terminal SENS and thus at output terminal V_ . 1s attained,
at which point the modulation of transistors 81, 82 1s
adjusted accordingly through the operation of comparator
108 and digital control 102.

According to this embodiment of the invention, a config-
urable voltage regulator 1s provided, by way of which the
voltage regulator can operate either as switching regulator or
as a charge pump. In this embodiment of the invention, large
output driver devices (e.g., transistors 81A, 81B) are used in
both the charge pump and switching regulator modes,
enabling the 1implementation of both topologies of voltage
regulator circuits in a configurable fashion within the same
integrated circuit. In addition, this permits the itegration of
these output driver devices within the integrated circuit
itself, reducing the number of external components required,
especially for the charge pump topology 1n which only the
external flyback and output capacitors are required. This
particular configuration 1s also especially useful in generat-
ing a regulated negative polarity voltage, and as such this
confliguration may be included in the same 1ntegrated circuit
as the configurable positive polarity voltage regulator
described above, if desired.

While the present invention has been described according
to 1ts preferred embodiments, 1t 1s of course contemplated
that modifications of, and alternatives to, these
embodiments, such modifications and alternatives obtaining
the advantages and benefits of this mnvention, will be appar-
ent to those of ordinary skill 1in the art having reference to
this specification and 1its drawings. It 1s contemplated that
such modifications and alternatives are within the scope of
this mmvention as subsequently claimed herein.

What 1s claimed 1s:

1. An integrated circuit, comprising:

a plurality of terminals including an output terminal and

at least one mput terminal; and

a configurable voltage regulator operable in a first mode
or a second mode, comprising:

output driver circuitry, having an output coupled to the
output terminal;

a first regulator made control circuit, having at least one
input coupled to a first input terminal, having an output
coupled to the output driver circuitry;
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a second regulator mode control circuit, having at least
one 1mput coupled to a second input terminal, and
having an output coupled to the output driver circuitry;
and

conflguration circuitry, for selectably enabling the first
and second regulator mode control circuits responsive
to a configuration signal,

wherein the configuration circuitry comprises:

a writable configuration register, coupled to the at least
one conflguration switch, for receiving and storing
conflguration data indicating the selected mode.

2. An 1ntegrated circuit, comprising:

a plurality of terminals 1including an output terminal and
at least one mput terminal; and

a configurable voltage regulator operable 1n a first mode
or a second mode, comprising;

output driver circuitry, having an output coupled to the
output terminal;

a first regulator mode control circuit, having at least one
input coupled to a first input terminal, having an output
coupled to the output driver circuitry;

a second regulator mode control circuit, having at least
one 1mput coupled to a second input terminal, and
having an output coupled to the output driver circuitry;
and

conflguration circuitry, for selectably enabling the first
and second regulator mode control circuits responsive
to a configuration signal,

wherein the first regulator mode control circuit comprises
switching regulator control circuitry, comprising:

an error amplifier having a first input coupled to a first
input terminal, having a second input receiving a rei-
erence voltage, and having an output;

a first comparator receiving the output of the error ampli-
fier at one 1put, and receiving a reference voltage at
another 1nput, and having an output coupled to the
output driver, for providing an output signal responsive
to a comparison of the error amplifier output to the
reference voltage.

3. The integrated circuit of claim 2, wherein the reference

voltage 1s a triangle waveform.

4. The mtegrated circuit of claim 3, wherein the switching,

regulator control circuitry further comprises:

a second comparator, receiving the reference voltage at
one 1nput and a control voltage at another input;

logic circuitry, having inputs coupled to the output of the
first and second comparators, for generating an output
driver control signal to the output driver responsive to
the outputs of the first and second comparators.

5. The mtegrated circuit of claim 2, further comprising:

a fault amplifier, having an input coupled to the output of
the error amplifier, for generating a fault signal respon-
sive to the signal at the error amplifier output.

6. The integrated circuit of claim 2, wherein the output

driver circuitry comprises:

first and second transistors having conduction paths con-
nected 1n series, and having the output terminal con-
nected to a node between their conduction paths, and
having control terminals coupled to the output of the

first comparator.
7. The mtegrated circuit of claim 6, further comprising:

output drive control circuitry, coupled to the output of the
first comparator and to the control terminals of the first
and second transistors, for controlling the first and
second transistors in a complementary fashion.
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8. The integrated circuit of claim 2, further comprising:

third and fourth transistors, having conduction paths
connected 1n series and to a second output terminal, and
having control terminals; and

wherein the configuration circuitry further comprises:

first and second configuration switches, for applying a
disabling voltage to the control terminals of the third
and fourth transistors when the switching regulator
control circuitry 1s enabled.

9. An 1ntegrated circuit, comprising:

a plurality of terminals including an output terminal and
at least one mput terminal; and

a configurable voltage regulator operable 1n a first mode
or a second mode, comprising:

output driver circuitry, having an output coupled to the
output terminal:

a first regulator mode control circuit, having at least one
input coupled to a first input terminal, having an output
coupled to the output driver circuitry;

a second regulator mode control circuit, having at least
one 1put coupled to a second input terminal, and
having an output coupled to the output driver circuitry;
and

conflguration circuitry, for selectably enabling the first
and second regulator mode control circuits responsive
to a configuration signal.

wherein the second regulator mode control circuit com-
prises charge pump regulator control circuitry, com-
prising:

an error amplifier, having a first mput coupled to said
second 1nput terminal, and having a second input

receiving a reference voltage, and having an output;
and

pulse width modulation circuitry, having an input coupled
to the output of the error amplifier, and having an
output coupled to the output driver circuitry, for con-
trolling the output driver circuitry responsive to the
output of the error amplifier.
10. The mtegrated circuit of claim 9, wherein the charge
pump regulator control circuitry further comprises:

a voltage divider, coupled to the input terminal, for
applying a first sense voltage to the first mput of the
error amplifier responsive to the voltage at the input
terminal.

11. The mtegrated circuit of claim 10, wherein the voltage

divider provides a plurality of taps;

wherein the first input of the error amplifier 1s coupled to
a first tap of the voltage divider;

wherein the charge pump regulator control circuitry fur-
ther comprises:

a fault comparator, having a first input coupled to a second
tap of the voltage divider and a second mput coupled to
the reference voltage, for generating a fault signal
responsive to a comparison of the voltage at the second
tap of the voltage divider and the reference voltage.

12. The mtegrated circuit of claim 11, the charge pump

regulator control circuitry further comprises:

conilguration switches, for coupling selected ones of the
taps of the voltage dividers to the fault comparator and
error amplifier responsive to the conflguration circuitry.
13. The integrated circuit of claim 9, further comprising:

third and fourth transistors, having conduction paths
connected 1n series and to a second output terminal, and
having control terminals; and
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wherem the configuration circuitry further comprises:

first and second configuration switches, for coupling the
control terminals of the third and fourth transistors to
the pulse width modulation circuitry responsive to the
charge pump regulator control circuitry i1s enabled.
14. A method of generating a regulated voltage, compris-
ing the steps of:

configuring a configurable voltage regulator 1n an inte-
orated circuit into either a switching regulator mode or
a charge pump regulator mode, the configurable volt-
age regulator comprising output drive circuitry having,
outputs at first and second drive terminals, the output
drive circuitry including first and second transistors
coupled to the first drive terminal;

in the switching regulator mode:
connecting a drive transistor to the first drive terminal;

connecting an external network mcluding an inductor to
the transistor, the external network producing the regu-
lated voltage;

connecting an error amplifier of the voltage regulator to
the external network, so that the error amplifier receives
a voltage corresponding to the regulated voltage; and

disabling third and fourth transistors coupled to the sec-
ond drive terminal;

in the charge pump regulator mode:

connecting a flyback capacitor to the first and second
drive terminals;

enabling third and fourth transistors coupled to the second
drive terminal, the fourth transistor coupled between
the second drive terminal and a sense terminal;

connecting a load at the sense terminal;

coupling an error amplifier of the voltage regulator to the
sense terminal, so that the error amplifier receives a
voltage corresponding to the regulated voltage;

responsive to the configuring step configuring the config-
urable voltage regulator in the switching regulator
mode:

coupling the output of the error amplifier to switching
regulator control circuitry; and

coupling the output of the switching regulator control
circuitry to the output drive circuitry so that the first and
second transistors are driven by the switching regulator
control circuitry responsive to the error amplifier; and

responsive to the configuring step configuring the config-
urable voltage regulator in the charge pump regulator
mode:

coupling the output of the error amplifier to pulse width
modulation circuitry; and

operating the pulse width modulation circuitry responsive
to the error amplifier output to drive the first, second,
third, and fourth transistors.
15. The method of claim 14, wherein the configuring step
COmMPrises:

writing configuration information to a configuration reg-
Ister.
16. The method of claim 14, further comprising, in the
switching regulator mode:

comparing an output of the error amplifier to a time-
varying wavelorm in the switching regulator control
circuitry to generate a time-varying signal correspond-
ing to the comparing; and

coupling the time-varying signal to the first and second
transistors.
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17. The method of claim 16, further comprising, 1n the 19. The method of claim 14, further comprising, in the

switching regulator mode: charge pump regulator mode:

generating a maximum duty cycle signal; and coupling the sense terminal to a voltage divider having a

5 plurality of taps, wherein a first one of the taps 1s
coupled to the error amplifier; and

cgating the coupling of the time-varying signal to the first
and second transistors with the maximum duty cycle

signal.
18. The method of claim 16, further comprising, in the generating a fault signal responsive to a voltage at a
switching regulator mode: second one of the taps exceeding a fault level.

generating a fault signal responsive to the output of the
error amplifier exceeding a fault level. * 0k F k%
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